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Introduction
Legally binding commitments for reducing carbon emissions arise in many countries of the world and are primarily based on the multilateral agreement of the Kyoto Protocol. The protocol applies mostly to industrialized countries in the period from 2008 to 2012 and provides for a reduction of six greenhouse gases (CO 2 , CH 4 , H 2 O, HFC, PFC, SF 6 ) by approx. 5% in comparison to 1990. Moreover, the European Union decided to reduce greenhouse gas (GHG) emissions by at least 20% of 1990 levels by 2020. In addition, the European Union has offered to increase its emission reductions to 30% by 2020, contingent on the behavior of other major emitting countries in developed and developing countries. Within this framework, Austria was assigned a GHG reduction target of 13% by 2012 as compared to 1990. Given this setting, the question arises whether certain measures to reduce GHG emissions can be implemented cost-efficiently. The concept of marginal abatement costs (MACs) allows for the illustration of the marginal costs and the total emission abatement, indicating the ecological effectiveness with regard to a business-as-usual (BAU) scenario of certain GHG emission abatement measures. Strictly speaking, abatement costs are defined by a cost-benefit ratio which displays the monetary input necessary for the reduction of one ton of GHG emissions. Hence, this procedure can be used by policy makers to evaluate the implementation of certain 'This article is © Emerald Group Publishing and permission has been granted for this version to appear here (please insert the web address here). Emerald does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Emerald Group Publishing Limited. ' abatement measures and assist decision-making at the international, national and regional level. By comparison, various countries have already carried out investigations in this field. For example, an in depth analysis was carried out in Germany (McKinsey & Company, 2007) , which still represents a milestone in the analysis of abatement costs. This paper presents the main results and conclusions of the scientific research project "Analysis of CO 2 e abatement costs in Upper Austria". The assessment covers the quantification of abatement costs of certain GHG emissions (CO 2 , CH 4 , N 2 O) of various energy efficiency and fuel switch measures, and puts special emphasis on the heat, electricity and transport sector in Upper Austria in the period from 2010 to 2030. The evaluated energy efficiency measures include, among others, thermal renovation activities, improving building standards, promoting efficient vehicles and enhancing domestic appliances. Additionally, the fuel switch measures incorporate the increased utilization of renewable energy sources for heating systems, for vehicles and for the generation of electricity. Furthermore, the absolute reduction potentials of the analyzed measures (in tons of CO 2 equivalents (CO 2 e)) for each year and for the entire period from 2010 to 2030 were evaluated. To our knowledge, no other sector or measure-specific assessment has been conducted for Upper Austria up to now. Thus the multi-criteria approach of this paper reveals the economic efficiency and the ecological effectiveness of the considered methods with regard to (a) GHG emission reductions, (b) the improvement of the overall energy efficiency and (c) the competitiveness of a fuel switch towards renewable energy sources. In addition, the MACs resulting from 31 energy efficiency measures are compared to 25 technologies focusing on fuel switch measures. Thus, a direct comparison of energy efficiency concepts and the intensified utilization of renewable energy sources is possible. Furthermore, this enables the generation of a comprehensive overview and the prioritization of measures/technology changes. Drawing upon the findings of this study, policy recommendations can be elaborated and the necessary improvements of the regulative framework can be implemented.
The next section starts with an explanation of the concepts of MAC curves which focuses especially on the expert-based approach. In the following, the findings of the quantification of marginal abatement costs and the reduction potentials in Upper Austria are presented. In the section afterwards the idea of policy-making via MAC curves is addressed. Finally, the paper ends with conclusions and suggestions for future work.
The Concept of Marginal Abatement Costs
MACs cover those costs incurred by the reduction of a defined quantity of GHG emissions compared to a reference or BAU scenario. Accordingly, they provide a cost-benefit ratio and analyse the economic efficiency and ecological effectiveness for the evaluation of measures or technology changes.
Thus, the MAC curve displays the costs generated with the last unit of emission reduction for changing the quantity of reduced emissions. Consequently, a BAU scenario has to be derived in order to calculate the marginal abatement costs against this baseline abatement. As stated in Kesicki (2010) , "…a MAC curve allows one to analyse the cost of the last abated unit of CO 2 for a defined abatement level while obtaining insights into the total abatement costs through the integral of the abatement cost curve". The concept of MAC curves in general provides advantages with respect to the ability to derive the MACs for any given total reduction amount. Further, MAC curves display the total costs which are required to mitigate a defined 'This article is © Emerald Group Publishing and permission has been granted for this version to appear here (please insert the web address here). Emerald does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Emerald Group Publishing Limited. ' amount of carbon emissions. On the other hand, MACs estimates are generally limited to one point in time, exhibit a lack of certainty because they focus on the future and do not consider ancillary benefits like improved energy security and the abatement of other GHGs. Thereby, two fundamental concepts for deriving MAC curves exist: (I) expert-based MAC curves based on a managerial approach and (II) model-derived MAC curves generated by energy and environmental policy models (Kesicki, 2010) .
The latter is based on top-down models including endogenous economic reactions within the whole economy. Accordingly, conventional top-down models typically are deficient in details on present and future technological alternatives which may be important in regard to a suitable evaluation of different energy policies. Generally they do not provide for essential physical constraints such as the preservation of energy. These models offer great perception of the effects of policy measures such as taxes or subsidies causing market distortions. The second species are so-called bottom-up models which represent only the energy sector. They account for cost minimization or maximizing consumption and producer surplus in the focused sector and do not reflect macroeconomic reactions. Compared to top-down approaches, these models comprise more features of energy technologies along the conversion from primary to final energy (Shukla, 1995; Hourcade et al., 2006; Böhringer and Rutherford, 2008) .
In the following, the first manner to derive MAC curves -the expert-based approach -is described and the definitions as well as the interpretation of the derived results are given in more detail. Expert-based MACs are conceived through the evaluation and assessment of various technologies by experts who make assumptions for the BAU scenario, the CO 2 reduction potential and the costs for investment as well as energy prices at a single point in time. This concept of MACs, also known as technology cost curves, illustrates a ranking of the cheapest and most expensive technologies and therefore shows the potential of various measures/technology changes with respect to emission reductions.
According to the concept of expert-based MACs, the following formula is used for the quantification of specific abatement costs of GHG emissions based on a technology i with respect to a reference technology j (BAU situation without implementation of any measure): As shown for a yearly observation in formula (1), the model can also be used to calculate the MACs for an extended time period.
'This article is © Emerald Group Publishing and permission has been granted for this version to appear here (please insert the web address here). Emerald does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Emerald Group Publishing Limited. ' After the quantification of the MACs of a measure or technology change, the outcome is classified. Figure 1 thus shows an evaluation model for MACs including the possible results and how those can be interpreted: In general, it can be said that negative marginal abatement costs for the case when ΔC<0 and ΔE>0 (and therefore MAC<0), indicate that cost-saving options exist. The combination of a positive total annual cost difference and a positive difference in GHG emissions, thus ΔC>0 and ΔE>0 (and therefore MAC>0), causes environmental effectiveness in terms of GHG emission reductions, but also higher costs. It should be noted that in regard to a positive total annual cost difference and a negative difference of GHG emissions, thus ΔC>0 and ΔE<0 (and therefore MAC<0), and a negative total annual cost difference associated with a negative GHG emission difference, thus ΔC<0 and ΔE<0 (and therefore MAC>0), no relevant conclusions regarding the marginal abatement costs can be derived, since no reduction of GHG emissions takes place.
Basically, when interpreting the values of the specific mitigation costs it has to be noted that neither the resulting cost difference nor the difference of emissions should be very low, so that the calculated values are comparable. Furthermore, the essentiality of consistent reference scenarios has to be pointed out as this provides the fundamental prerequisite for statements about the economic efficiency of GHG emission reductions. As a consequence of lower costs of the considered technology (alternative system) as compared to the reference system, and due to a minimal avoidance of emissions, high negative MACs result in an increased need for interpretation.
While the amount avoided (in tons CO 2 e) reflects the effectiveness of each system in terms of meeting the aim of emission reductions, the specific avoidance costs (in Euro / ton CO 2 e) are a measure regarding the efficiency of each activity and/or technology change. Hence, the expert-based MAC represents the cost-benefit ratio for the implementation of measures, since 'This article is © Emerald Group Publishing and permission has been granted for this version to appear here (please insert the web address here). Emerald does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Emerald Group Publishing Limited. ' those costs display the monetary input necessary to avoid one ton of CO 2 e. Accordingly, negative abatement costs are an indication for particularly efficient mitigation measures/technology changes.
MACs present the abatement costs required for any given total reduction amount, however they are generally limited to a certain time frame. The expert-based approach, which is examined in this paper in greater detail, considers individual technologies associated with specific details but neglects behavioural and learning aspects. Furthermore, the expert-based MACs conclude the possibility of different BAU scenarios which leads to an inconsistent perception. Due to these assumptions, the model is based on uncertain information, such as investment costs, efficiencies, etc.
Marginal Abatement Costs and Reduction Potentials in Upper Austria
General assumptions are discussed, before presenting the main results of the quantification of MACs and the reduction potentials in Upper Austria.As already mentioned, MACs can be quantified for an extended time period, in this case for the period from 2010 to 2030. Thus, the expert-based MACs for the period from 2010 to 2030 are calculated as follows:
According to formula (2) ΔC t represents the cost difference between the alternative system and the BAU scenario for the period from 2010 to 2030, and ΔE t implies the spread between the GHG emissions through the BAU scenario as compared to the alternative system for the same period.
The quantification of MACs of GHG emissions includes the abatement costs for CO 2 , CH 4 and N 2 O emissions. The quantification of fluorinated GHGs is not feasible due to the lack of necessary data. In general, the observation of CH 4 and N 2 O emissions allows for the quantification of GHG abatement costs. It should be noted that in the case of reduced CH 4 and N 2 O emissions as a result of the implementation of a measure (in a situation of reduced CO 2 emissions), the CO 2 e abatement costs are lower and therefore more positive than the abatement costs considering only CO 2 . This can be explained by the fact that the same costs reduce more emissions.
The quantification of MACs, including CH 4 and N 2 O emissions, is based on the global warming potential (GWP) of these gases in relation to CO 2 . The separation of the quantification of the abatement costs for CH 4 and N 2 O emissions does not seem appropriate, since the shifting the conversion and energy costs of a specific measure on these low distinctive types of emissions (compared to the level of CO 2 ) would distort the individual results too much. For this reason, the authors limit themselves to a representation of the total CO 2 e abatement costs.
In terms of costs, a total cost approach is applied including end user costs as well as costs of public service, whereat costs for energy are also taken into consideration. Furthermore, it is assumed the investment into a measure/technology depreciates over the life span of the particular technology. Finally, in addition to the abatement costs of GHG emissions, this investigation also determines avoidance potentials of various measures until the year 2030.
Based on the definition of expert-based MACs within this assessment, 56 measures/technology changes were assessed. 31 of which concern the enhancement of energy efficiency. In the end, 25 of these evaluated GHG technology changes actually imply a fuel switch towards renewable or low-carbon technologies. The following areas of energy services were evaluated:
Since, the BAU scenarios are an essential part within the concept of MACs, the following reference scenarios were defined for each segment within this assessment: The appendix contains detailed information on each abatement measure, in terms of the BAU, depreciation rates, energy consumption, investment costs, energy prices and so on. It must be stated that the quantification of individual measures is not very expedient. In contrast, the comparability of the measures with each other in order to design an expert-based abatement cost curve is far more significant. Therefore, the assumptions should simply be seen as general guidance for understanding the quantification of expert-based MACs (Table 4 to 6).
On the basis of the BAU scenarios mentioned, Table 2 Summarizing the economic efficiency of all evaluated measures, it is apparent that 19 out of the 56 strategies (which represent 34%) have negative abatement costs. Thus, even in the absence of other financial incentives it makes sense to invest in these measures as they pay off within their projected time of use or generate a positive cash flow. According to the assessment scheme in Figure 1 , these measures are very efficient from an economic point of view and exhibit ∆C<0 and ∆E>0. The remaining 37 measures/technology changes (which 'This article is © Emerald Group Publishing and permission has been granted for this version to appear here (please insert the web address here). Emerald does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Emerald Group Publishing Limited.' represent 66%) generate positive abatement costs, which implies ∆C>0 and ∆E>0. Thus, although their ecological footprint is positive, it is not possible to justify an investment in these technologies from a purely economic point of view. The assessment of the overall reduction potential of GHG emissions in Upper Austria shows that by the year 2030 a reduction of GHG emissions of 5.23 million tons CO 2 e is possible. This represents 25% of the current GHG emissions of Upper Austria and 52% of the emissions outside the industrial sector which was not part of this analysis. The possible reductions are by all means significant. Measures aimed at improving the overall energy efficiency account for a total of 1.76 million tons of CO 2 e emission reductions (this represents 8% of the current GHG emissions or 18% of CO 2 e emissions outside the industrial sector). On the other hand measures, which imply a fuel switch, are capable of reducing GHG emissions by 3.47 million tons CO 2 e (which represents 16% of the current GHG emissions or 35% of the emissions outside the industrial sector). 
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Policy-making via Marginal Abatement Cost Curves
According to a generally accepted distinction between different policy instruments, incentivebased and non-incentive-based instruments are distinguished. The first category contains the most prominent climate policy approaches, namely the taxation of undesired pollution (e.g. carbon tax) and the limitation of overall carbon emissions (i.e. cap-and-trade). The second category includes instruments targeted at research and development, as well as command-andcontrol policies. Both types can be applied to different problem sets. However, from an economic efficiency point of view, market-based instruments are preferred. The various existing approaches can be further characterized by the measure/technology change under scrutiny. Here, a similar taxonomy according to Kesicki (2010) is used, which defines three categories of policy instruments that can be applied to different measures.
Furthermore, a group of economically viable technology shifts exists that will ultimately be implemented due to their (economic) advantage for the user (investor). These measures can be regarded to be best suited for command-and-control policies as the economic aspect of their implementation is already represented by their (negative) MACs. The second category involves market-based policies like carbon taxation and carbon permits. These measures typically exhibit positive marginal abatement costs, although they are also the most interesting category from a policy point of view. They require a profound mix of policy-instruments and thus are in great need of further research. The third and last category contains measures, technologies and strategies that result in (mostly large) positive MACs. These measures often require further research and development efforts in order to become economically viable.
The various policy instruments can thus be summarized into three groups, which are also depicted in Figure 3 .
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Conclusions
In numerous international studies aimed at evaluating measures for the reduction of greenhouse gas (GHG) emissions, the concept of MACs is a frequently used procedure to illustrate the marginal costs and the total emission abatement, displaying the economic efficiency and ecological effectiveness of measures or technology changes. As demonstrated at a regional level, an expert-based assessment in Upper Austria (for the period from 2010 to 2030) shows a significant reduction potential of GHG emissions (25% of the current GHG emissions), consisting of 34% of energy efficiency measures and of 66% of measures focusing on fuel switch. These results can therefore be used by policy makers to promote the implementation of certain GHG abatement measures. (2007), "Costs and potential to avoid greenhouse gas emissions in Germany", commissioned by the Federation of German Industries (BDI). 
